The submersion monitoring system based on a reflective side-polished optical fiber submersion sensor with an optical fiber mirror was shown to be an effective alarm system with remote monitoringwhen the drainage capacity of a common utility duct is exceeded due to heavy rainfall. The proposed sensor was connected to an existing installed optical fiber network at a height of 250mm in a common utility duct, and then tested under sample materials (distilled water, river water, sea water, foul water, muddy water, petroleum, edible oil) at a distance of 1km from the sensor for remote sensing. In experiments, the proposed real-time sensor system reduced maintenance cost and improved monitoring efficiency by using a reflection-type side-polished optical fiber submersion sensor efficient for remote monitoring of a common utility duct.
I. INTRODUCTION
A common utility duct is a structure, above or under ground, which contains all the major utilities in one common duct. Multiple lines for phones, electricity, gas, cable TV, fiber optics, traffic signals, street lighting circuits, drainage and flood control facilities, water mains and waste water pipes are dispersed together through an underground pathway of conduits linked by common utility ducts, as shown in Fig. 1 .
The advantages for cities and towns to adopt such a system include maximizing the efficiency of underground ground space usage, decreasing the costs of maintaining manholes, decreasing above-ground construction that can disrupt traffic, and creating an area for easy access to repair utilities. Plus, a common utility duct should also incorporate its own drainage, ventilation, lighting, communication, power, monitoring systems, and so on. Common utility ducts need to be remotemonitored using sensors to gather information and controlled by a management system for emergency treatment to prevent fires, power-failures, and flooding. The monitored data, such as the temperature, uplift, and submersion also needs to be gathered in real-time and applied for system control.
Every year, floods and localized torrential downpours cause extensive damage to underground facilities, such as common utility ducts, in many countries. However, despite protective measures to protect common utility ducts from water intrusion, their location and physical characteristics make this very difficult as water can still penetrate through entrances, ventilating openings, and equipment gateways. Yet, if moisture enters an electrical cable or spliced cable, this can quickly lead Remote Monitoring of Abrupt Overflowing in Common Utility Duct Using … -Cheol Kim et al. to permanent physical damage and potential multiple service outages, such as power-failures and electric leakages. Plus, if moisture enters many splice enclosures in an optical fiber network, this can have a detrimental effect on the service quality of a communication network and shorten its lifetime. Thus, a feed pond and drainage pump need to be installed in a common utility duct, where any intruding water is guided to the feed pond via waterways dug in the floor, and then bailed out using the drainage pump controlled by a level sensor installed in the feed pond. In addition, to deal with heavy rainfall above drainage capacity, submerged locations need to be detected by a submersion sensor and restored to normal conditions as quickly as possible. Common utility ducts support the major underground component of the public communication networks, including the optical fiber cables supporting the backbone of network architectures.
To monitor the submersion, various water sensors have been developed using optical fiber bending [1] , hydrogel fiber [2, 3] and side-polished fibers [4] [5] [6] . The sensors based on the fiber bending and hydrogel fiber use swelling materials. In the water, the materials swell and cause the fiber to be deformed, so the light passing through the sensor suffers bending losses. However, it takes time for the swelling materials to absorb water, so real-time monitoring is difficult and it is also difficult to reuse the swelling materials. Recently, several submersion sensors have been developed using side-polished optical fibers [4] [5] [6] , which have the advantages of an immediate response, high recurrence, low insertion loss, mechanical stability, and simple fabrication process. Transmission-type [4] [5] and reflective-type [6] side-polished optical fiber submersion sensors were developed. A reflection-type side-polished optical fiber submersion sensor provided efficient remote sensing.
Thus, a reflection-type side-polished optical fiber submersion sensor would be an efficient way to send a submergence alarm if the capacity of the feed pond in a common utility duct is exceeded due to the inundation of water. The proposed remote submersion monitoring system uses a reflective side-polished optical fiber submersion sensor (RSS), which is spliced with an existing installed optical fiber network in a common utility duct. The monitoring system also utilizes the existing installed optical fiber network in a common utility duct, thereby reducing the installation costs. In addition, the proposed monitoring system can easily determine the height of a water overflow in a common utility duct based on the height of the installed RSS, allowing realtime submersion monitoring. Physically checking a common utility duct is time-consuming and costly, since it involves moving heavy common utility duct lids, pumping away any stagnated water, and measuring the oxygen density and temperature, etc. As such, using the proposed monitoring system to monitor the water overflows in a common utility duct could significantly improve the monitoring ability and reduce the maintenance expenses. Plus, conventional transmission-type sidepolished optical fiber submersion sensors are restricted as regards measuring long distances, as the optical source and detector are required to be at opposite ends of the sensor system making the efficiency and monitoring costs major barriers to the realization of a practical fiber sensor system. Thus, a submersion monitoring system using a RSS with an optical fiber mirror serving as a reflector is proposed as more suitable for remote sensing.
The mirror as a reflector is formed at the end surface of a single mode optical fiber (SMF) using a fusion splicing technique [3] . By connecting the optical fiber mirror to one end of the RSS, this allows both the optical source and detector to be located at the other end, thereby improving the monitoring efficiency and reducing the maintenance costs. The RSS with an optical fiber mirror can also monitor submersion based on a throughput power gain or resonance wavelength shift. The proposed sensor was tested using distilled water and the measurement was made at distance of 1 km from the sensor for remote sensing. The experimental results showed a high sensitivity and confirmed the capability for remote sensing. Fig. 2 presents the geometry of the RSS. The RSS consists of a side-polished single-mode fiber, evanescently coupled to a multimode planar waveguide overlay (PWG), and an optical fiber mirror. A power exchange between the fiber and the PWG only takes place if the effective index of one of the modes of the PWG is matched to the fiber effective index. In the RSS, the power exchange occurs twice, as the light goes through the polished region twice due to the optical fiber mirror. Hence, the wavelength response of the RSS shows an approximately periodic resonant behavior (band-rejection filter) dependent on the material properties contacting the PWG which changes the effective index of modes of the PWG.
II. EXPERIMENTAL RESULTS
Thus, the different materials contacting on the PWG induce a resonant wavelength shift. The thickness of the residual cladding was approximately 1 μm based on the liquid drip method and 65 μm -thick spacers were placed on the silica block. Plus, a 170 μm -thick microscope cover glass used as the PWG was fixed to the spacers using the NOA 65 (adhesive, Norland) with a refractive index of 1.52. The refractive index of the fiber core, clad, and PWG used in this experiment were 1.450, 1.444, and 1.523, respectively. The optical fiber mirror was made on a piece of cleaved fiber with end surface coating, where the surface coating was fabricated using aluminum deposited on the end of an SMF at a thickness of 2 μm using thermal evaporation with a reflectance of 72%. The experimental setup is shown in Fig. 3 . A wideband erbium amplified spontaneous emission source was used as the light source, and an optical spectrum analyzer used to detect the resonance wavelength shift and throughput power gain of the RSS. An optical circulator with an insertion loss of 0.5 dB and isolation greater than 40 dB for all circulating ports was placed to feed back the source light and used as an output port to measure the optical power and spectra.
The RSS was spliced to an optical fiber network in an optical fiber duct and located at a height of 250 mm. Twofold coupling was obtained due to the transmitted light and to light reflected by the mirror. To confirm the remote abilities, a 1-km-long fiber bundle was inserted between the RSS and the circulator. Plus, remote sensing with various lengths of fibers can easily be measured using the RSS system. Fig. 4 shows the experimental results. The solid line represents the transmission of the RSS in air before submersion. A minimal transmission dip due to coupling occurred at 1540 nm, and the minimal transmission was -22.01 dB. The dotted line represents the transmission of the RSS submersed in distilled water. The minimal transmission was -22.02 dB at 1541.6 nm; the coupling wavelength was shifted by about 1.6 nm and the throughput power gain at 1540 nm was 2 dB. The RSS was also tested while varying the humidity from 0 to 85%. The test results revealed no difference in the RSS throughput gain when changing the humidity, indicating that the RSS can detect submersion without being affected by humidity.
When the RSS is dipped in the different sample materials (distilled water, river water, sea water, foul water, muddy water, petroleum, and edible oil), the wavelength shift was changed by the overlay sample materials, as shown in Fig. 5 . The coupling wavelength is shifted 1.6 nm in the water samples, but more than double in the oils. As the refractive index of petroleum is different from that of water, the coupling wavelength of the petroleum is shifted about 4 nm. Thus petroleum and water can easily be discriminated. The RSS clearly exhibited a different response to the water samples compared to the oil samples, confirming its suitability for application in a submergence monitoring system in a common utility duct.
The distance between the side-polished fiber sensor and the mirror affects the spectral response of the RSS as shown in Fig. 6 . The distance between the side-polished fiber sensor and the mirror did have an effect on the spectral response of the RSS, as when the distance was over 0.93 m, the transmission power of the RSS was the same, yet when the distance was below 0.93 m, the transmission power of the RSS became lower than 0.93 m. Thus, the distance between the side-polished fiber sensor and the mirror need to be over 0.93 m.
III. CONCLUSION
A remote submersion monitoring system for common utility ducts using a reflective side-polished optical fiber submersion sensor was presented. The proposed sensor was connected to an existing installed optical fiber network at a height of 250 mm in a common utility duct, and then tested under distilled water and at a distance of 1 km from the sensor for remote sensing. The coupling wavelength was shifted by about 1.6 nm and the throughput power gain at 1540 nm was 2 dB in the distilled water. Under sample materials (distilled water, river water, sea water, foul water, muddy water, petroleum, edible oil), it can discriminate water and oil. Consequently, the ability of the proposed sensor system to be connected to an existing installed optical fiber network was confirmed, thereby reducing the installation costs, plus its effectiveness for long-distance monitoring was also demonstrated. Thus, the proposed submersion monitoring system would be an effective alarm system when the drainage capacity of a common utility duct is exceeded due to heavy rainfall.
